Human skeletal muscles may undergo qualitative and quantitative, physiological and pathological changes during life. Some of these changes may be detected with imaging techniques, others with immunohystochemical and molecular analysis. Both these types of investigation are expensive, time consuming, and not readily available. Therefore, at present, a cheap, reliable, and widely applicable technique for non-invasive in vivo analysis of human muscles is lacking. Here we propose optical spectroscopy as a tool that can be added to clinical investigation without significant cost and time penalties. Recent advances in materials and fabrication techniques provided portable, performant, sensing optical spectrometers readily operated by user-friendly cabled or wireless systems. Such systems allow rapid, non-invasive and not destructive quantitative analysis of human tissues. In this investigation, we tested whether infrared spectroscopy techniques, currently utilized in many areas as primary/secondary raw materials sector, cultural heritage, agricultural/food industry, environmental remote and proximal sensing, pharmaceutical industry, etc., could be applied in living humans to categorize muscles. We acquired muscles reflectance spectra in the Vis-SWIR regions (350-2500 nm), utilizing an ASD FieldSpec 4™ Standard-Res Spectroradiometer with a spectral sampling capability of 1.4 nm at 350-1000 nm and 1.1 nm at 1001-2500 nm. Spectra were collected from the upper limb muscles (i.e. biceps, a forearm flexor, and triceps, a forearm extensor) placed in fixed limb postures (elbow angle approximately 90°) of 22 healthy subjects (age 25-89 years, 11 females). Spectra off-line analysis included preliminary pre-processing for signal scattering reduction, Principal Component Analysis (PCA) aimed to spectral grouping and Partial Least-Squares Discriminant Analysis (PLS-DA) for implementing discrimination/prediction models. Spectral data were correlated with anthropometric variables. Optical spectroscopy proved effective for studying human muscles in vivo. Vis-SWIR spectra acquired from the arm detect muscles from other tissues, and distinguished flexors from extensors.
INTRODUCTION
Currently, optical spectroscopy and related spectra chemometrics are widely applied to perform both qualitative and quantitative analysis. NIRS (Near InfraRed Spectroscopy) techniques are utilized in primary/secondary raw materials sector [1 -3] , in cultural heritage [4, 5] , in agricultural/food industry [6] [7] [8] [9] , in the pharmaceutical and chemical industry [10, 11] , and more generally in analytical science [12] to perform systematic environmental remote and proximal sensing. The dramatic advancement of technology and device miniaturization markedly contributed to the success of NIR-based investigation technique, which not only is non-invasive and not destructive, but it is also cost-effective, small-sized, simple and quick to use. For these reasons, NIR portable devices and/or HyperSpectral Imaging (HSI) systems have taken place in several quality control applications and procedures. Combined application of NIR-based detection and chemometrics to meats allows discrimination of lamb muscles [13] , prediction of chemical constituents in lamb meats [14] , classification of fresh and frozen-thawed pork muscles [15, 16] . These applications show that the muscle tissue has optical properties suitable to be analyzed with spectroscopy. We therefore reasoned that also the living muscles might undergo profitable optical spectroscopy. Indeed, NIRS has been successfully applied for functional analysis of human tissues [17] , the evaluation of muscles oxygenation [18] , microvascular function [19] and damage [20] , the assessment of wounds [21] and cartilage [22] . At present, a cheap, reliable, and widely applicable technique for non-invasive in vivo analysis of human muscles is lacking, and we are evaluating whether NIRS of muscles can be adopted in clinical investigation without significant cost and time penalties [23] .
The aims of this study are to test NIR Spectroscopy technique for studying human muscles in vivo, in order to verify if and how the intrinsic attributes of the collected spectra (i.e. spectral signatures) relate to the anthropometric variables, and create and validate a model individuating the upper limb muscles. A portable Vis-NIR (Visible Near InfraRed) spectroradiometer, that is a device operating in the 400-2500 nm wavelength range, was used for collecting reflectance spectra from two different muscles of the upper limb (biceps and triceps) in normal subjects. Chemometric techniques and Principal Component Analysis (PCA) were used for enucleating differences among the acquired reflectance spectra. Partial Least squares Discriminant Analysis (PLS-DA) was then utilized to define classification models, based on a solid calibration set, allowing to distinguish the investigated muscles by NIRS.
METHODS AND PROCEDURES

Vis-NIR analysis
Portable spectroradiometer system and spectra acquisition Analyses have been carried out collecting the spectral information of muscles of 22 healthy subjects (age 25-89 years, 11 females). For each subject some anthropometric data, such as: sex, age, height, weight and BMI (Body Mass Index) were also collected. Vis-SWIR (Visible -Short Wave InfraRed) reflectance spectra of the upper limb muscles were acquired by a portable spectroradiometer. 50 spot hyperspectral acquisitions were performed using an ASD FieldSpec 4 ® Standard-Res field portable spectroradiometer, for biceps and triceps of each subject. Measurements were performed in fixed limb postures (elbow angle approximately 90°). Spectra collection was always performed by the same operator.
ASD FieldSpec 4® Standard-Res portable instrument works in the spectral range 350 -2500 nm and it has a spectral resolution of 3 nm at 700 nm and 10 nm at 1400/2100 nm [25] . This portable spectroradiometer essentially consist of a detectors case and a fiber optic cable with a contact probe, connected to a personal computer / laptop. The system, inside the detectors case, has different separate holographic diffraction gratings with three separate detectors. Order separation filters cover each detector for eliminating second and higher order light. Detectors system is made up of: a VNIR detector (350-1000 nm; 512 element silicon array), the SWIR1 detector (1001-1800 nm; Graded Index InGaAs. Photodiode, Two Stage TE Cooled) and the SWIR2 detector (1801-2500 nm; Graded Index InGaAs. Photodiode, Two Stage TE Cooled). The native software of the ASD instrument, called RS3, have been used for data acquisition and handling [24, 26] .
Instrument calibration procedure and hyperspectral data handling
The procedure of spectroradiometer calibration starts with dark acquisition ( i D ) and the measurement of the "white reference" ( i W ) material [27] . After this calibration stage, the spectra ( i R 0 ) is acquired and the reflectance ( i R ) is then computed, by using the Equation 1:
Dark current was computed referencing the dark current calibration file. While, the White reference was acquired on a Spectralon white reference standard from LabSphere™. Whole calibration procedure was carried out using the ASD RS3 software. Instrument ".asd" data files were converted into ASCII text files by the aid of ViewSpec Pro Ver. 6.2.0. software. ASCII text files were imported into MatLab ® environment (MATLAB R2016b; ver. 9.1.0.441655), using "fieldspec_import.m", an ad hoc written script for this purpose. Imported data files were analyzed using the Eigenvector Research, Inc PLS_toolbox (ver. 8.2.1) operating inside the MatLab ® environment.
Data were stored into datasets objects and classes were set. Before starting the chemometrics analysis, the main dataset was reduced from 350 -2500 nm to 450 -2500 nm in order to remove the noisiest part of the spectra.
Chemometric analysis Principal Component Analysis (PCA)
The exploratory analysis of reflectance spectra data was performed by using Principal Component Analysis (PCA). PCA gives the possibility to extract the dominants patterns of the reflectance spectral dataset matrix, in terms of the product of two smaller matrix of scores and loadings [28] . The difference between spectra can be enhanced applying pre-processing algorithms to the acquired raw spectra. Data pre-processing of reflectance data is important also for removing un-wanted noise, due to light scattering and/or other physical phenomena. In this scenario, different combinations of pre-processing algorithms were used. The selected combination of pre-processing used in this study is reported in the following. Extended Multiplicative Scatter Correction (EMSC), Generalized Least Square -Weighting (GLS-W) on classes (with α = 0.002) and Mean Center (MC). EMSC was used for correcting scatter artifacts [29] . While, GLS-W was applied to down-weight the difference or "clutter", inside classes. GLS-W consists of a multivariate filter, which calculates a filter matrix based on differences among groups of samples, which should otherwise be similar [30, 31] . Finally the MC was applied in order to remove the mean value from the data and to further enhance differences among samples. To explore the eigenvalues plot two principal components (PCs) were chosen by exploring the eigenvalues plot. Outliers were then identified and excluded, by exploring Hotelling's T2 vs. Q Residuals plots.
A PCA was also performed utilizing anthropometric discrete data referred to each subject. For this purpose, a dataset was created, including information about: age, sex (added in binary logic, using: "0 = male" and "1 = female"), weight [kg], height [cm] , and the Body Mass Index (BMI). Discrete data were then pre-processed using Autoscale algorithm, one of the most commonly used pre-processing technique. This algorithm uses the MC pre-process, calculating the mean of each column and subtracting it from the column, followed by division of each column by the standard deviation of the corresponding column [32] . Five PCs were used for performing PCA on the discrete data.
Partial Least Square Discriminant Analysis (PLS-DA)
To perform the classification and the prediction of the two muscle classes the Partial Least Square Discriminant Analysis (PLS-DA) was utilized. The PLS-DA is a supervised technique for pattern recognition, that is very much similar to another discrimination method, the so-called Linear Discriminant Analysis (LDA). This technique consists in a multivariate inverse least squares discrimination method. It is essentially an inverse-least square approach to the LDA. In PLS-DA the Partial Least Square (PLS) regression is utilized to develop a model able to predict the class number for each sample under study [33] . Table 1 . A simple scheme of a confusion matrix [34] .
True class p n
Hypothesized class
The confusion matrix was considered in order to evaluate the classifier or classification model performance ( 
Error Rate (ER), the complementary of the Non-Error rate, which is the mean of all class sensitivities, was also calculated from the confusion matrix [34, 35] .
Instead of using a randomly selected calibration set by using the Kennard-Stone algorithm, the selection of the calibration set was carried out adopting the KNN (K-Nearest Neighborhood) score distance, rooted to the PCA performed on the anthropometric data of the individuals object of the investigation. This technique was commonly utilized to identify the most unique samples belonging to a specific dataset (i.e. antropometric variables of the individuals). The KNN score distance is essentially a measure of the average distance to the k nearest neighbors in score space for each sample [36] . By using this procedure, a more reliable calibration set among the population can be obtained, choosing the tails of the sample distribution. Data selected for generating the calibration set were only the samples with KNN score distance (k=3) greater than 0.25. Following this approach the muscles spectral features of 16 subjects were selected and utilized to build the calibration set (1599 spectra), about the 70 % of the data. Six subjects (600 spectra) were then included into the validation set.
Venetian Blinds was used as cross-validation method to assess the optimal complexity of the model and to select the number of Latent Variables (LVs) [37, 38] to perform the PLS-DA modelling utilizing the whole instrument spectral range(450-2500 nm), after the noise removal. 2 LVs were chosen. PLS-DA classification models on detectors spectral range subsets were also set up. Dataset was thus split in three parts, according to the detection characteristics of the 3 sensing units embedded inside the ASD FieldSpec ® device, that is: VNIR (450-1000 nm), SWIR1 (1001-1800 nm) and SWIR2 (1801-2500 nm). A number of 4 LVs was selected for each detector spectral range.
RESULTS AND DISCUSSION
Exploratory analysis
The raw mean spectra of biceps and triceps of each subject, and the averaged ones for all subjects are shown in Figure 1a and Figure 1b, respectively. As it can be seen in Figure 1b the mean reflectance spectra of the biceps and of the triceps differ. Main differences can be seen around 760 nm, 970 nm, 1200 nm and at 1440 nm. These wavelengths correspond to adsorbing groups H 2 Difference among the two set groups "biceps" and "triceps" are further explained by PCA result. The scores plot of PC2 vs. PC1 is shown in Figure 2 . Reflectance data appear well discriminated by the PCA (Figure 2) , with the spectra from biceps clearly separated from those from triceps. PC 1 resolved most of the variance between the two set groups. Only GF's triceps scores are partially superimposed on PC1 positive space, in which the most part of biceps scores are located. This finding probably depends on the unique anthropometric parameters of the GF subject (who is a young, tall, meager, Asiatic boy), an hypothesis supported by the scores and the loadings plots related to the discrete data (Figures 3a  and 3b, respectively) , that display the weight of the antropometric variables characteristic of the examined individuals. Analysis of Figure 3a scores plot suggests that the scores of subject "GF" is separated from others for the values assumed by the variables "height" and "weight" (and consequently "BMI"), as shown in the loading plot (Figure 3b) . Scores of subject "DAP" (a very young, small, Italian girl), separate from others too, but in this case they do not affect the decomposition of biceps and triceps reflectance data, (Figure 2a ).
Classification models
The KNN plot score distance, referred to the subjects, used to define the calibration set, is reported in Figure 4 . Scores plots of the performed PLS-DA and the position of the discrimination boundary for the two class biceps and triceps by using a calibration utilizing the KNN score distance higher than 0.25 are shown in Figure 5 . As can be seen in Figure 5 and Table 2 , the best results, with reference to the 3 investigated spectral ranges as collected by the 3 detectors inside the ADS FieldSpec ® , occurred using VNIR and SWIR1 range datasets. A Sensitivity equal to 1.000 and a Specificity equal to 0.840 were achieved for biceps class by using VNIR dataset. For SWIR1 dataset a Sensitivity and a Specificity for biceps class equal to 0.797 and 0.800 was achieved, respectively. Less satisfying results, referred to achieved Accuracy (Table 2) , were found using the SWIR2, achieving 0.840 for Sensitivity and 0.340 for the Specificity of biceps class. Using all the entire spectral range (450-2500 nm) a Sensitivity equal to 1.000 and a Specificity equal to 0.693 was reached. In this spectral range classification achieved a Precision equal to 0.765 and an Accuracy 0.847, whereas in the 450-1000 nm spectral range, it achieved a precision equal to 0.862 and an accuracy equal to 0.920. 
CONCLUSIONS
This study aimed to test NIR spectroscopy techniques for studying human muscles in vivo, showed that distinct muscles have distinct spectral signatures, which relate to the anthropometric variables of the individual examined, and that can be distinguished by PCA. Practically, NIRS of upper limb muscles proved effective in distinguishing flexors from extensors.
The developed PLS-DA model for discriminating two human muscles in living subjects by using Vis-SWIR reflectance were calibrated and validated taking into account the anthropometric variables of the examined individuals. The procedure of selecting the calibration set adopting a KNN scores distance exploration based on anthropometric data produced very good classification results, demonstrating that the procedure is reliable. Classification models are robust and prove reliable and reproducible. Modelling performs at best using the VNIR spectral range and entire available spectral range, whether when applied in the spectral range 1800-2500 nm, they perform poorly. In order to achieve the best discrimination further analysis is needed to select the best performing variables. Isolating the chemical groups responsible for the discrimination of the two groups of muscles was not the scope of this first set of measures, but it will be the focus of further experiments.
The present findings show that NIR spectroscopy can be applied to human tissue in vivo, and the use of Vis-SWIR reflectance data together with chemometric techniques allows detection of muscles and discrimination between flexors and extensors. Because of the lack of non-invasive in vivo analysis of human muscles, and due to the favorable properties of portable spectrometers (i.e. size, rapidity of analysis and pain-free approach) NIR analysis may represent a new clinical/research tool that can be added to standard clinical investigation without significant cost and time penalties.
